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Abstract—This work pretends to reconsider power quality (PQ), 
in AC single-phase low voltage systems, considering perturbation 
sources with frequency components below the fundamental 
frequency in voltage and current signals. These perturbations 
induced by sources like Geomagnetic Induced Currents (GMC), 
Arc Furnaces, switching VSC, etc. [1]-[2],[30]-[32], can occur in a 
frequency range comprised between DC and the fundamental 
frequency of the system. Standard PQ indexes do not 
characterize properly these subsynchronous frequency 
perturbations (SFFP), [2]-[3] and this work pretends to analyze 
the spectra from 0 to 50Hz for voltage and current, proposing 
new formulation for some PQ as a function of SSFP, with the 
intention of explaining the observed degradation of the power 
quality in single-phase low voltage electric systems.  
1. Introduction
Proposed and accepted Electric Power Theories (EPT), try to 
explain the energy flow in an Electric Power System (EPS), 
[5]-[9]. Since the adoption of these theories some PQ indexes 
have been defined in [3], [36], that are currently being 
considered for the measurement of energy consumption. 
However, following the evolution in distributed electric energy 
generation, storage and consumption, new PQ issues have 
appeared related to SSFP [6], [11], [12], particularly in single-
phase microgrids. In this case, when supplying through voltage 
source inverters (VSI), Primary Level of Control algorithms 
are not properly solved because its control principles do not 
provide the correct state-variables information for the system 
performance, [13]-[15]. Even more, in the case of feeding non-
linear loads [16]-[20], there is a range of frequency below the 
fundamental and close to DC which composition remains 
unexplained and, consequently, uncontrolled when the 
frequency domain electric power assumptions of [20]-[21] are 
adopted, not considering SSFP. Nevertheless, some VSI local 
control strategies where the measured voltage and current 
signals are conditioned by means of n-order Low Pass Filter 
(LPF), seem to work but only supplying to Linear Time 
Invariant (LTI) loads [17]-[19], [22]-[23]. 
Further attempts to establish an EPT have been developed 
since [20], that bring better explanations for understanding 
electric phenomena in single and three phase electrical grid. 
Among these hypotheses, the most widely accepted by the 
scientific community are the Instantaneous Power Theory of 
Akagi [10] with its p-q-r theory for single-phase and three-
phase four wire systems, as well as the CPC of Czarnecki [24]. 
Firstly, Akagi et al. focused specifically in three-phase three-
wire power systems, working under unbalanced conditions and 
supplying to LTI loads, but show to be inconsistent when 
considering NLTI loads and, consequently, it is not feasible for 
single-phase EPS. Secondly, CPC theory explains better 
electric system performance under non-sinusoidal conditions 
and establishes novel definitions for current components that 
point to the physical phenomena that causes them, but does not 
properly analyze the problem of the energy flow in the 
systems. Even more, in [25] interharmonic perturbances and 
subsyncronous frequency perturbations are not properly 
considered in the definition of a reactive and a scattered 
current. Later, some works developed strategies for control 
under non-sinusoidal conditions, but following a research 
method that is application-oriented as well as the state variables 
were not properly chosen [4], [26]-[27]. As a consequence of 
these EPT limitations, local control strategies in the referred 
cases SSFP are not sufficiently considered. Also some 
standards do not consider SSFP in its electric parameters and 
PQ indexes definitions [3], [36]. Finally, other authors tried to 
define power quality indexes in single-phase systems as a mean 
for defining power in three-phase four-wire systems, but do not 
correlate the power definitions and quality indicators to their 
causes or sources [4]. In Section 1 a state of the question is 
achieved in order to contextualize SSFP. Then, in Section 2 
ideal and non-ideal voltage and current signals are formulated 
and different regions of the frequency spectra are parametrized. 
Section 3 instantaneous power spectra analysis is re-visited 
since [4]. In Section 4 formulation for some PQ indexes 
considering SSFP effects are proposed. Finally, Section 5 
provides simulation results in order to evaluate existing and 
proposed PQ indexes 
2. Characterization of SSFP
In terms of study of SSFP, Testa and others characterized it 
[26]. In the case of harmonics, this is a field widely studied in 
the literature. Nevertheless, the most important part of the 
experimental test and studies has been only focused in a small 
set of harmonic frequencies, because were related to the 
existing technology and associated phenomena of the EPS.  
Thus, when calculating the instantaneous or averaged power 
for measuring or control purposes, the direct product of the 
time domain voltage and current signals will lead to a cross 
influence in between subharmonic, harmonic and 
interharmonic components. In terms of instantaneous power it 
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implies a large region for power configurations that could only 
be afforded by a selection of EPT in terms of approximation to 
the real events. In the case of the SSFP, these are acquiring a 
bigger importance in terms of energy amount injected to a 
single-phase EPS. For instance, the perturbations transmitted to 
the grid via the neutral point of the power transformers [28]. 
 
A. Ideal Voltage and current Signals 
 
If we consider the definition of voltage and current below: 
𝑣(𝑡) = 𝑉 ∙ sin⁡(𝜔 ∙ 𝑡 + 𝛼)   (1) 
𝑖(𝑡) = 𝐼 ∙ sin⁡(𝜔 ∙ 𝑡 + 𝛽)   (2) 
where v(t) and i(t) are the expressions for voltage and current 
signals, respectively, in an AC circuit with an active-passive 
stochastic load (APS), see Fig. 1; ω is the frequency of the 
system, and α and β are phase angle for each signal referred to 
𝑡 = ⁡𝑡𝑜𝑛 . Considering an ideal voltage source, the current 
appears at (2) when the transference of energy to the APS load 
starts at 𝑡𝑜𝑛 = 0 . The APS load does not contain previously 
stored energy. 
 
Fig. 1: Single-phase ideal EPS connecting a periodic voltage source 
to an active-passive stochastic load at  𝑡𝑜𝑛 = 0 
Considering only harmonic components of the fundamental 
frequency and a LTI load, (1) and (2) can be expressed in the 
form of  Fourier Series:  
𝑣(𝑡) = ∑ Vh
+∞
h=0 ∙ sin⁡(h ∙ 𝜔0 ∙ 𝑡 + αh)  (3) 
𝑖(t) = ∑ Iℎ
+∞
h=0 ∙ sin⁡(h ∙ 𝜔0 ∙ 𝑡 + βℎ)  (4) 
where h ∈ Z, 𝜔0 is defined as the fundamental frequency of the 
EPS, in rad/s, and Ih and Vh are the current and voltage 
amplitudes for each harmonic. The angles αh⁡and⁡βh  are the 
phase shift for each voltage and current harmonic components. 
Note that the perturbations whose frequencies are comprised 
between h=0 and h=1 are not considered, which belong to the 
so-called subharmonic frequencies [3]. The same occurs with 
the frequencies in between one harmonic and the next in order, 
but this last appointment will be studied in further research. 
Note that, since [26], information between DC and 
fundamental frequencies is lost in the definitions of [3], [36]. 
 
B.  Non-ideal Voltage and current signals 
 
Equations (3) and (4) do not contain enough information about 
SSFP and are not suitable for the accurate calculation of 
electric power. In the present work a frequency threshold has 
been arbitrarily set somewhere between 𝜔 = 0 and = 𝜔0 , for 
discrimination between periodic and non-periodic signals in 
EPS. Also, the spectra of frequencies is divided in three regions 
as indicated in Table 1 and shown in Fig. 2. 
Table 1: Spectra of signals, Regions defined and some causes. 
Frequency REGION Causes  
0 ≤ 𝜔 < 𝑤𝑡ℎ⁡  #I 
DC 
Non-periodic time-
dependent 
components (SSFP) 
GMC, Wind Farms shadow 
effect 
𝜔𝑡ℎ < 𝜔 < 𝜔0 # II 
Sub-harmonic 
(SSFP) 
PWM switching, lightning 
flicker, Cyclic loads, Wind Farms 
Shadow Effect, etc. 
𝜔 ≥ 𝜔0 # III 
Harmonic 
Arc furnaces, Speed drives for 
motors, Lightning and PWM 
switching, etc. 
 
 
 
Fig. 2: Regions of the frequency spectra in an EPS accordingly with 
Table 1. 
 
(a) 
(b) 
Fig. 3: a) Regions I and II of the spectra, from 𝜔 = 0  to = 𝜔0 , 
where SSFP are present; b) Region III of the spectra, from 𝜔 = 𝜔0  to 
𝜔 → +∞  , for definition of the Interharmonic frequencies. 
 
Fig. 4: Detail of Very Low Frequency, Non-periodic Time-Dependent 
and DC components region. 
Region I includes at least frequencies compatibles with the 
shadow effect from wind turbines, 0.1–2.5 Hz [33], as well as 
with GMC that have frequencies that are in the range from 
1mHz up to 1Hz [23], [34]-[35]. Following these frequency 
values for SSFP, a boundary between periodic and non-
periodic SSFP needs to be set at 𝜔𝑡ℎ = 10 ∙ π (rad/s). For these 
frequencies, the measurement concept based on IEC 61000-4-7 
(10 cycles, 5Hz resolution, time window 200ms) cannot be 
properly applied [36], [37] as the time window should be at 
least of 50000 cycles for a 0.001Hz resolution, that makes it 
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unsuitable for local control of VSI in terms of dynamic 
performance. In this situation, the efficiency of FFT based on 
IEC 61000-4-7 standard suffers of the mentioned time window 
limitation, taking a too long interval for the extraction of the 
SSFP information for  ω ≤⁡𝜔𝑡ℎ . Then, for Region I there are 
only two parts: the purely-DC and the non-periodic time-
dependent components. The last corresponds to the close-to-
DC or quasi-DC phenomena indicated in the literature [28], 
[32]-[35]. In Fig. 2 it is depicted the region of frequencies 
below the fundamental. The dynamics of the called sub-
harmonics in the literature are completely different to those in 
Region I. Because of this, Region II is analyzed by dividing its 
spectra in several parts, each one of a fixed frequency value 
compatible with the time windowing of a IEC 61000-4-7 
based FFT, for instance. This determines the size of the 
frequencies, in which the maximum value and minimum 
frequency portion, depends on the resolution of the 
instrumentation. Therefore, in Region II, a fixed portion of 
frequency in rad/s, 𝐧𝐭𝐡, is considered in order to define a set 
of x components named SSFP-set after the SSFP that occur in 
this region. Therefore, the minimum value of frequency is 
𝜔𝑆𝑆𝐹𝑃𝑀𝐼𝑁 = 𝜔𝑡ℎ  and the maximum value 𝜔𝑆𝑆𝐹𝑃𝑀𝐴𝑋  is 
determined by:  
𝜔𝑆𝑆𝐹𝑃𝑀𝐴𝑋 < 𝑥 ∙ nth + 𝜔𝑡ℎ    (5)  
𝑥 >
𝜔0−𝜔𝑡ℎ
nth
− 1     (6)  
and only when fulfilling the following conditions: 
∃∙⁡(𝑥, ωth) ↔ [(𝑥 =
𝜔0 −𝜔𝑡ℎ
nth
⁡)] ; ⁡𝑥⁡ϵ⁡Ζ⁡; 
; (ω0 > (ωth, nth) > 0)ϵℝ
+   (7) 
𝜔𝑆𝑆𝐹𝑃𝑀𝐴𝑋 < ω0      (8) 
Then, the frequency of each element of the SSFP-set is 
determined as follows: 
𝜔𝑡ℎ < 𝜔 = (𝜔𝑡ℎ +x∙ nth) < 𝜔𝑆𝑆𝐹𝑃𝑀𝐴𝑋    (9) 
𝜔 ≠ 𝜔0        (10) 
Note that some standards define its PQ indicators based on 
signals definitions as follows [3]: 
𝑖𝑜(t) = IDC + I0 ∙ sin(𝜔𝑜𝑡 + βo) + ∑ Ih ∙ sin(h ∙ 𝜔o𝑡 + βh)
N
h=2  (11) 
𝑣𝑜(t) = VDC + V0 ∙ sin(𝜔𝑜𝑡 + αo) + ∑ Vh ∙ sin(h ∙ 𝜔o𝑡 + αh)
N
h=2  (12) 
Region III is the region for 𝜔 ≥ 𝜔0  in which the frequencies 
between two consecutive multiples of the fundamental 
frequency have not been sufficiently modelled [18] for an APS, 
especially when fast transient phenomena take place. For its 
decomposition in Fourier series a set of non-integer multiples 
of fundamental frequency should be adopted for analytical 
purposes. Figure 3b shows the range of the region between two 
consecutive integer multiples of the fundamental frequency. In 
this range, a set of y elements is defined. The frequency of each 
element is not a multiple integer of the fundamental. The range 
of these frequencies is comprised between m ∙ 𝜔0 ≤ 𝜔 ≤ 
(m+1)∙ 𝜔𝑜, where 𝑚⁡ϵ⁡Ζ⁡. Therefore, a real value mth has been 
stated, that : 
m ∙ 𝜔0 + 𝑦 ∙ mth < (m + 1) ∙ 𝜔0     (13) 
Note that nth ≠ mth and x ≠ y, although: 
⁡y, n,m⁡ϵ⁡Ζ⁡; (ω0 > mth > 0)ϵR
+   (14) 
y <
ω0
mth
      (15) 
mth ∙ (y + 1) > ω0    (16) 
Equations (15) and (16) are the analytical expressions of the 
Inter-Harmonic Perturbations (IHP), contained in the IHP-set 
which size is y. This approach to the spectral analysis of 
voltage and current of the SSFP and IHP in EPS, leads to new 
expressions of the voltage and the current signals: 
v(t) = VDC(t) +∑ Vn ∙ sin((ωth + n ∙ nth) ∙ t +
n=x
n=1
αn) +∑ ∑ Vk
k=y
k=0
+∞
m=1 ∙ sin⁡((m ∙ ω0 + k ∙ mth) ∙ t + αk) 
       (17) 
i(t) = IDC(t) + ∑ In ∙ sin((ωth + n ∙ nth) ∙ t +
n=x
n=1
βn) +∑ ∑ Ik
k=y
k=0
+∞
m=1 ∙ sin⁡((m ∙ ω0 + k ∙ mth) ∙ t + βk) 
      (18) 
where 𝑘⁡ϵ⁡Ζ . Hence, three different regions A, B, C 
corresponding to the Regions I, II and III of Table 1 are 
presented for the sake of simplification:  
𝑣(𝑡) = A𝑉(𝑡) + B𝑉(𝑡) + C𝑉(𝑡)   (19) 
𝑖(𝑡) = A𝑖(𝑡) + B𝑖(𝑡) + C𝑖(𝑡)   (20) 
As Region I is defined for very low frequencies, considering a 
sufficiently large time window for FFT analysis, the signal can 
be described as the sum of a constant value (DC) plus 
periodical sinusoidal components. But, when time window for 
this analysis is not large enough, we must consider it as a sum 
of DC and non-periodical time-dependent components. For this 
reason, under certain conditions, it can be applied the small-
angle approximation to a sinusoidal signal and the expression 
will result as follows, for current: 
 
A𝑖(𝑡) = ∑ Il ∙ βl +
zth
z
∙ t ∙ ∑ l ∙ Il
l=z−1
l=0
l=z−1
l=0   (21) 
 
where 𝑙⁡ϵ⁡Ζ⁡ . A constant value ∑ Il ∙ βl
l=z−1
l=0  and a non-
periodical time-dependent signal, 
zth
z
∙ t ∙ ∑ l ∙ Il
l=z−1
l=0   ,as 
predicted. The same study can be done for the voltage signal, 
obtaining these expressions: 
A𝑣(t) = ∑ Vl ∙ αl +
zth
z
∙ t ∙ ∑ l ∙ Vl
l=z−1
l=0
l=z−1
l=0   (22) 
Note that all the involved magnitudes are not predictable since 
its value is stochastic within their ranges, it is, theoretically 
unlimited for voltage and current and 0 to 2π for phase angle. 
Finally, 
v(t) = ∑ Vl ∙ αl +
zth
z
∙ t ∙ ∑ l ∙ Vl
l=z−1
l=0
l=z−1
l=0 + ∑ Vn ∙ sin((ωth + n ∙ nth) ∙ t +
n=x
n=1
αn) +∑ ∑ Vk
k=y
k=0
+∞
m=1 ∙ sin⁡((m ∙ ω0 + k ∙ mth) ∙ t + αk)  (23) 
i(t) = ∑ Il ∙ βl +
zth
z
∙ t ∙ ∑ l ∙ Il
l=z−1
l=0
l=z−1
l=0 + ∑ In ∙ sin((ωth + n ∙ nth) ∙ t +
n=x
n=1
βn) +∑ ∑ Ik
k=y
k=0
+∞
m=1 ∙ sin⁡((m ∙ ω0 + k ∙ mth) ∙ t + βk)  (24) 
 
Based on (17) and (18), it is important to note that the physical 
meaning of each expression must be proved. Each of the 
equations contains the information of the perturbations in 
amplitude and frequency of an EPS system with an APS load, 
indicated in Fig. 1. 
 
3. Instantaneous Power Spectra  
 
The energy flow through the system after  t > ton depicted in 
Fig. 1 is  
E(t) = p(t) ∙ t     (25) 
Considering Table 2, the instantaneous power in the system can 
be calculated as the simple product of voltage and current, 
following the Budeanu’s definition of instantaneous power in 
the frequency domain [20]: 
p(t) = v(t) ∙ i(t)     (26) 
After that, and because of the distributive property: 
𝑝(𝑡) = 𝐴𝑖𝐴𝑣 + 𝐴𝑖𝐵𝑣 + 𝐴𝑖𝐶𝑣 + 𝐵𝑖𝐴𝑣 + 𝐵𝑖𝐵𝑣 + 𝐵𝑖𝐶𝑣 +
⁡⁡⁡⁡⁡⁡𝐶𝑖𝐴𝑣 + 𝐶𝑖𝐵𝑣 + 𝐶𝑖𝐶𝑣    (27) 
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which gives the set of cells presented in Table 3 for a single-
phase system. Although mathematically (27) is correct, each 
power cell should be related to its EPS phenomena as was 
intended in [19].  
 
4. Novel THD Indexes Proposed for Region I 
 
A novel set of PQ directly related to the SSFP both for Region 
I and II of Table 1 are proposed, under certain conditions. THD 
has been chosen because this index is directly related to the 
measured voltage and current and, following standards in [3] 
and [38], are the basis for other indexes as, for instance, Power 
Factor (PF). Then, for Region I, the voltage and current THD 
index could be presented as: 
THDAv =
|√
1
cT
∫ ∑ (Vl∙αl+
zth
z
∙t∙l∙Vl)
2
l=z−1
l=0 ∙dt
cT
0 |
|√
1
cT
∫ (V0∙sin(ω0∙t+α0))
2∙dt
cT
0 |
   (28) 
THDAi =
|√
1
cT
∫ ∑ (Il∙βl+
zth
z
∙t∙l∙Il)
2
l=z−1
l=0 ∙dt
cT
0 |
|√
1
cT
∫ (I0∙sin(ω0∙t+β0))
2∙dt
cT
0 |
   (29)  
where c =
ω0
ωth
≫ 1⁡  and is related to the time window for 
measuring any non-periodic time dependent perturbation in 
current or voltage. 
 
THDBv =
|√
1
pT
∫ ∑ (Vn∙sin((ωth+n∙nth)∙t+αn))
2n=x
n=1 ∙dt
pT
0 |
|√
1
pT
∫ (V0∙sin(ω0∙t+α0))
2∙dt
pT
0 |
 (30) 
THDBi =
|√
1
pT
∫ ∑ (𝐼𝑛sin((ωth+n∙nth)∙t+βn))
2
∙n=xn=1 dt
pT
0
|
|√
1
pT
∫ (I0∙sin(ω0∙t+β0))
2∙dt
pT
0
|
   (31) 
where p is defined as p =
ωo−ωth
ω0
⁡> 1  and is related to the 
time window for measuring the sinusoidal components of 
Region II. Note that as ω0 ≫ ωth , then c>p and it is to be 
considered at least c>10p. 
 
5. Simulation Results  
 
For the validation of the hypotheses, a simulation has been 
carried out consisting on a single-phase VSI connected to a 
Rectifier/R-C non-linear load, see Fig. 5. The architecture and 
the control scheme are explained in [16] and no changes in the 
power calculation had been introduced. Simulation parameters 
are listed in Table 4, where R is the resistance and C the 
capacitance after the rectifier, and 𝝃𝟎;⁡𝝃𝟏; 𝝃𝟐  are the damping 
factors of the local control loop conditioners for the calculation 
of active and reactive power. In [16] only a 3rd harmonic 
component was introduced in the voltage output of the VSI. 
The results of the calculated THD for current, voltage, active 
and reactive power, following the FFT tool in 
MATLAB/Simulink, are listed in Table 6. After that, a set of 
SSFP at 0.5Hz and at 0.25Hz components, both with 10% of 
the fundamental voltage amplitude, were added to the voltage 
source. Table 5 list these parameters. If the calculation of the 
𝑻𝑯𝑫𝑨𝒗  in (28) is analytically performed, it yields 
approximately a contribution of 1%. However, after carrying 
out the simulation considering voltage SSFP, the 
MATLAB/Simulink THD calculated through FFT for the 
voltage not only slightly decreases, it also shows contributions 
to THD in frequencies higher than 1Hz and below 50Hz, as can 
be seen in Table 7. Nevertheless, THD for output current 
varies, when SSFP in voltage are present, in spite of being 
conditioned through an 8
th
 order BPF [16]. Even more, as Fig.6 
shows, its influence on the reactive power is too strong, 
considering the variation in THD of reactive power shown in 
Table 6. This discrepancy reinforces the hypotheses formulated 
through Eq. (23), (24) and (27). 
 
C 
L Load 
vo 
iL 
vref 
io 
Pav 
Qav 
PWM 
+ 
CTRL 
DROOP 
Method 
io 
P-Q 
Power 
CALC 
Single-Phase Power Inverter  (Inv. #1) 
Power Switches 
vo 
(Inv. #2) 
 
Fig. 5. Generic Droop-based control scheme of a single-phase 
inverter in [16]. 
Table 2: Regions of 𝑣(𝑡), 𝑖(𝑡) and potential sources 
 
Region Potential sources/effects 
𝐴𝑉⁡⁡(𝑡) Wind turbines shadow effect, GMC 
𝐵𝑉⁡⁡(𝑡) Cyclic Loads, Arc Furnaces, PWM 
controlled VSI 
𝐶𝑉⁡⁡(𝑡) Arc furnaces, Speed drives for motors, 
Lightning switching 
𝐴𝑖⁡(𝑡) GMC, Wind turbines shadow effect 
𝐵𝑖⁡⁡(𝑡) Cyclic Loads 
Arc Furnaces 
PWM controlled VSI 
𝐶𝑖⁡⁡(𝑡) Arc furnaces 
Speed drives for motors 
Lightning switching 
 
Table 3: Power cells and observable phenomena. 
Power Cells Product Phenomena   Associated 
1 AiAv SSFP 
2 AiBv SSFP 
3 AiCv HP 
4 BiAv SSFP  
5 BiBv SH  
6 BiCv IHP or  SSFP 
7 CiAv Same than I 
8 CiBv Same than VI 
9 CiCv IHP 
 
TABLE 4. SIMULATION PARAMETERS FOR FIG. 5.;  
[16] 
𝑽𝟎 311V 
 𝝎𝟎 2π50(rad/s) 
R ; C 1100Ω; 470µF 
𝝃𝟎;⁡𝝃𝟏; 𝝃𝟐 0.7;1;1 
fcdroop; fcadv 1Hz; 10Hz 
 
TABLE 5. SIMULATION SSFP IN VOLTAGE PARAMETERS. 
Amplitude(%)||V|| Frequency 
10 0.005 ∙ 𝜔0 
10 0.01 ∙ 𝜔0 
 
TABLE 6. SIMULATION RESULTS. 
THD current without/with SSFP 0.77% / 4.43% 
THD voltage without/ with SSFP 5%/4.99% 
Calculated 𝑻𝑯𝑫𝑨𝒗 (28) ≈ 1% 
THD Active Power without/with SSFP 0.53%/3.33% 
THD Reactive Power without/with SSFP 12.39%/31.44% 
Also active power ripple increases, which would mean a 
degradation of the Power Factor . Nonetheless, formulae for 
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calculation of PF in [3] do not consider SSFP, as it is based on 
the THD calculation of voltage and/or current described in (3) 
and (4). Moreover, SSFP due distortion is transmitted to the 
supposed averaged value of active power [16], [18], [29] 
through the product between (23) and (24) that leads to (27) 
and the power cells defined in Table 3. As it indicates, the 
model for calculation of active power with the only presence 
of odd and even harmonics at 𝜔 > 𝜔0 in [3], [6], [10], [20], 
[21], [24], [26], [32] is incompatible with the simulation 
results obtained. Again, reinforces the proposed model for 
non-sinusoidal voltage or current signals (23) and (24), which 
helps to explain where this PQ degradation is originated.  
 
 
(a) 
 
 
(b) 
Fig. 6. Measured current at PCC: a) Output current filtered when 
SFFP present in voltage; b) Reactive power FFT with respect to DC 
component, in [16], after injecting SSFP in voltage 
 
 
(a) 
 
(b) 
Fig. 7: Active power FFT spectra calculated with respect to the DC 
component: a) When SSFP in voltage are not introduced [16]; b) 
When SSFP are present in voltage, following Table 5. 
 
 
TABLE 7. THD LIST FOR VOLTAGE BELOW 5HZ. 
 
 
6.  Conclusion 
 
A model for studying SSFP in terms of resolution of 
measuring instrumentation had been tested both for non-
sinusoidal voltage and current signals, (23) and (24). These 
models contain subsynchronous fundamental frequency 
information that is usually neglected by some standards and its 
PQ indexes traditionally employed [3], [36]. For frequencies 
higher than 𝜔𝑡ℎ =5Hz, other indexes were proposed,⁡𝑇𝐻𝐷𝐵𝑣 ,
𝑇𝐻𝐷𝐵𝑖 , 𝑇𝐻𝐷𝐶𝑣 , 𝑇𝐻𝐷𝐶𝑖 , , but traditional FFT based on [36] 
may extract the same information and, although the initial 
hypotheses, it is considered that these indexes must be 
analysed in further works. However, (23), (24), (27) and (28) 
provide a better basis for spectral analysis of instantaneous 
Single-Phase power when SSFP are present [9]. For this 
purpose, the frequency spectra has been differentiated in three 
regions, see Figures 2, 3 and 4. In order to evaluate the new 
hypotheses, simulations considering a 3
rd
 harmonic and SSFP 
introduced in voltage have been carried out. Then, the THD of 
the filtered non-linear load current shows a variation of 
575.32%, see Table 6. Also, THD for the active power with 
respect to the DC component yields an increment of 628.30%; 
THD for the reactive power, yields an increment of 253.75%. 
However, THD in voltage is kept constant, see Table 6 and 
shows different weighting for the SSFP frequencies below 
5Hz, see Table 7. This is not compatible with the calculated 
approximately 1% by means of the proposed 𝑇𝐻𝐷𝐴𝑣  for 
Region I as well as there should not be contribution for 
frequencies higher than 0.5Hz, following the parameters of 
Table 4 and 5. These discrepancies demonstrates that 
appearance of SSFP at least in voltage degrades the active 
power calculation of [16], which is compatible with the lack of 
information of the signal model assumed in [3], [16], [18], 
[36], when supplying a nonlinear load. Studies considering 
different sources of SSFP, IHP and HP are planned to be 
carried out in order to characterize better all the proposed PQ 
indexes as well as the hypotheses behind (23), (24) and (27). 
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